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ABSTRACT
The Alpha Magnetic Spectrometer has released high-precision data for cosmic rays, and has verified
an excess of positrons relative to expectations from cosmic ray interactions in the interstellar medium.
An exciting and well-known possibility for the excess is production of electron-positron pairs by an-
nihilating dark matter particles in the halo of the Galaxy. We have constructed a new scenario for
propagation of cosmic rays, based on the 2000 SMILI results and various other astrophysics observa-
tions and measurements, in which the positron excess is due to secondary production. The scenario is
studied from a simple heuristic perspective, and also within the constraints of a diffusion-reacceleration
model using GALPROP. The conclusions of each approach agree with one another, showing that the
scenario agrees well with the observed positron flux, without any need for dark matter or other exotic
production mechanisms.
Subject headings: astroparticle physics — diffusion — cosmic rays — dark matter
1. INTRODUCTION
Ever since the seminal search in 1981 for low energy an-
tiprotons in the cosmic rays (Buffington et al. 1981) and
the interpretation of these results in terms of annihilating
dark matter (Silk & Srednicki 1984) cosmic ray antimat-
ter has figured prominently in searches for dark matter.
Although antiprotons have been shown to be due to sec-
ondary production, positrons have been more interesting.
The HEAT Collaboration published results from 1995
(Barwick et al. 1995) through 2004 (Beatty et al. 2004)
on the positron fraction e+/(e+ + e−) that indicated
an excess from 10–50 GeV when compared to a stan-
dard propagation model (Strong et al. 2007). PAMELA,
with a larger exposure than HEAT, confirmed the excess
and showed continued growth to 100 GeV (Adriani et al.
2009). PAMELA did not find the alleged “smoking gun”
of dark matter—an abrupt decrease of positrons at high
energy. With greater than three years on the Interna-
tional Space Station, AMS has collected far more events
than HEAT or PAMELA. The AMS-02 positron fraction
(Accardo et al. 2014) appears to level off or possibly peak
near 275 GeV. The AMS-02 positron differential flux F
(Aguilar et al. 2014) follows a power law spectrum from
40–430 GeV, F = F0E
−α with α= 2.78. This value is
very close to the spectral index of protons up to 1 TeV,
suggesting a connection between positrons and primary
protons. The spectral index for electrons is much larger
(between 3.1 and 3.3), which may reflect features related
to the acceleration and escape of primary cosmic ray elec-
trons from their sources, and/or to energy loss by syn-
chrotron radiation and inverse Compton scattering in the
sources and interstellar medium (ISM).
There are a number of possible explanations for the
positron excess, the most exciting of which is the annihi-
lation of dark matter particles in the halo of the Galaxy.
The absence of an antiproton excess would then suggest
that dark matter must couple more strongly to leptons
than to quarks or gauge bosons (Cirelli et al. 2009). The
required annihilation cross section is quite large, and re-
quires Sommerfeld-type enhancements to increase the an-
nihilation rate at halo velocities which are much smaller
than velocities at freeze-out. A comparison of a recent
leptophilic model with AMS data (Cao, Chen & Gong
2014) yields a best-fit dark matter particle mass of 600
GeV with best-fit values of 〈σv〉 = 9×10−24 cm3 s−1 and
branching ratios of 65%, 17.5%, and 17.5% for τ+τ−,
µ+µ−, e+e− final states respectively. This cross section
is impossible to reconcile with Fermi-LAT observations of
dwarf satellite galaxies (Ackermann et al. 2014b), which
have placed a limit of 〈σv〉 < 10−24 cm3 s−1 at a dark
matter mass of 600 GeV for the τ final state. Observa-
tions of the Cosmic Microwave Background (CMB) also
constrain annihilation cross sections. The WMAP limit
(Slatyer, Padmanabhan & Finkbeiner 2009) is 〈σv〉 <
2×10−24cm3 s−1 for a dark matter mass of 600 GeV. An-
other popular explanation for the excess is positron pro-
duction in pulsar wind nebulae (PWN) (Di Mauro et al.
2014). Large numbers of e± pairs can be produced
through a complex sequence of events originating with
the extraction of an electron from the surface of a neu-
tron star. It is believed these particles are released into
the ISM in a burst after a time of order 50 kyr. The de-
tails by which the electrons and positrons are released are
not well known, so there are large uncertainties regarding
their flux and spectra. There are many free parameters,
and it is likely that almost any observed positron spec-
trum could be fit to a PWN model.
The essence of any experimental search for new physics
is the discrimination of signal from background. In the
case of the search for dark matter annihilation or PWN
particle acceleration through excesses in the positron
flux, the background is secondary production, namely
production of positrons in collisions of cosmic ray nu-
clei with nuclei of the ISM. The most common such
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collision is between cosmic ray protons or helium nu-
clei with hydrogen or helium nuclei. A great deal
is known about such collisions from measurements of
cross sections and branching ratios at particle collid-
ers and accelerators. The possibility that all cosmic ray
positrons are produced in cosmic ray collisions has been
considered by various authors. Blum, Katz & Waxman
(2013) proposed that the AMS-02 positron fraction
was consistent with a secondary origin, provided the
galactic confinement time τ ≥ 30 Myr at 10 GeV,
and τ ≤ 1 Myr at 300 GeV. They also found that
the mean atomic number density n ≥ 1 cm−3 at
300 GeV. Cowsik and collaborators (Cowsik & Burch
2010; Cowsik, Burch & Madziwa-Nussinov 2014) used
the Nested Leaky Box model to conclude that the sec-
ondary production of all positrons was possible if τ ≈ 2
Myr, independent of energy, and if n = 0.5 cm−3. In this
paper we will show that a secondary origin of positrons
can be obtained by considering observations involving
other low-mass secondary particles in the cosmic rays:
1. The ratio of radioactive 10Be to stable 9Be will be
used to constrain the confinement time of light sec-
ondary cosmic rays. This will allow us to show
that energy loss of secondary positrons due to syn-
chrotron radiation and inverse Compton scattering
in the ISM is small for energies below a few hundred
GeV.
2. The flux of antiprotons will be used to determine
the path-length (in g cm−2), which we shall refer to
as “grammage,” between the primary proton source
and the Earth as a function of energy. It will be
found that this is consistent with the grammage de-
termined from the B/C ratio above 1 GeV/nucleon.
Knowledge of grammage, proton energy spectrum and
properties of primary cosmic ray interactions with nu-
clei of the ISM will allow us to calculate the secondary
positron flux and show that it agrees with measurements.
We will do this in two ways, first with a simple estimate
based on the positron data and source functions of sec-
ondary positron and antiproton production. We will then
use the computer program GALPROP (Strong et al.
2007) to carry out detailed diffusion-reacceleration cal-
culations of cosmic ray transport for a set of parameters
that fit the observations.
2. BERYLLIUM AND COSMIC RAY CONFINEMENT TIME
At low energies, measurements of the abundance of the
beta decay isotope 10Be can be used to measure cosmic
ray confinement time τ . Three isotopes of beryllium are
sufficiently stable to be observed in the cosmic rays: 7Be
decays by electron capture with a half-life of 53 days,
but is stable in the cosmic rays since it moves at high
velocity and its orbital electrons have been fully stripped;
9Be is stable; 10Be decays by beta emission to the stable
isotope 10B with a half-life of 1.39 Myr. Beryllium is
produced predominantly by collisions of primary carbon
and oxygen cosmic ray nuclei with nuclei of the ISM.
Beryllium isotope production cross sections for carbon
and oxygen collisions with protons have been measured
at accelerators at several energies, and are given in Table
1. Additional data can be found in Tomassetti (2015). If
there is no decay of 10Be, the ratio 10Be/9Be ≈ 0.6.
CRIS (Yanasak et al. 2001) has measured the abun-
dance of beryllium isotopes with a satellite dE/dx tele-
Figure 1. Scatter plot of beryllium isotope cosmic ray mea-
surements from ISOMAX (de Nolfo et al. 2001) and SMILI
(Ahlen et al. 2000). Lorentz factor and rigidity have been cor-
rected for solar modulation and correspond to values in the ISM
of each cosmic ray. The solar modulation potentials used were 568
MV for ISOMAX and 1938 MV for SMILI.
scope and has found 13 Myr < τ < 16 Myr for ener-
gies near 100 MeV/nucleon. This energy is quite low,
and the results may not be representative of the confine-
ment times of higher rigidity cosmic rays such as for the
positrons of interest here.
SMILI (Ahlen et al. 2000) and ISOMAX (Hams et al.
2004) have measured beryllium isotope composition
with balloon-borne superconducting magnetic spectrom-
eters. SMILI was flown July 24, 1991 for 22 hours,
at one of the highest levels of solar activity ever
recorded, with a solar modulation constant of 1938
MV (Usoskin, Bazilevskaya & Kovaltsov 2011). ISO-
MAX was flown August 4, 1998 for 29 hours, at low
solar activity with a modulation constant of 568 MV
(Usoskin, Bazilevskaya & Kovaltsov 2011). A scatter
plot of the Lorentz factors vs. rigidities of detected
Beryllium cosmic rays for the ISOMAX Cherenkov data
(de Nolfo et al. 2001) and for the SMILI time-of-flight
data are shown in Figure 1. The force field approxi-
mation of Usoskin, Bazilevskaya & Kovaltsov (2011) has
been used to estimate rigidity values in the ISM.
To address possible concerns regarding the mass res-
olution of SMILI, we show in Figure 2 the mass his-
tograms from SMILI for helium, lithium and beryllium.
The events with masses > 7 amu for Li were most likely
caused by incorrect track reconstruction due to delta
rays produced in the drift tubes. Track rms residuals
are shown in Figure 3, defined in Loomba (1998) as,
χ2r ≡
∑nx
i=1 (xi)
2
+
∑ny
i=1 (yi)
2
nx + ny − 5 , (1)
where nx and ny are the number of drift tubes hit in each
of the two orthogonal detection planes, and xi and yi
are their respective track residuals. These indicate that
delta-ray production, which is responsible the long resid-
ual tails, was similar for helium and lithium, and only
slightly worse for beryllium. Requirements were placed
on the measured velocity, rms track residuals, and the
consistency of signals in different scintillators in order
to maximize mass resolution, reduce contamination from
nuclear reactions, and reduce delta ray effects, respec-
tively. The resulting efficiencies for helium, lithium and
beryllium were 41%, 26% and 27% respectively. Observa-
tion of the lithium spectrum suggests that the spillover of
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REACTION
C or O
BEAM
ENERGY
(GeV/nucleon)
CROSS
SECTION
(mb)
REFERENCE
12C + p → 7Be 1.05 8.45± 0.81 (Lindstrom et.al. 1975)
12C + p → 9Be 1.05 5.13± 0.54 (Lindstrom et.al. 1975)
12C + p → 10Be 1.05 3.41± 0.35 (Lindstrom et.al. 1975)
12C + p → 7Be 2.1 9.49± 0.99 (Lindstrom et.al. 1975)
12C + p → 9Be 2.1 5.92± 0.54 (Lindstrom et.al. 1975)
12C + p → 10Be 2.1 3.42± 0.35 (Lindstrom et.al. 1975)
16O + p → 7Be 2.1 10.1± 0.12 (Lindstrom et.al. 1975)
16O + p → 9Be 2.1 4.17± 0.55 (Lindstrom et.al. 1975)
16O + p → 10Be 2.1 2.05± 0.31 (Lindstrom et.al. 1975)
12C + p → 7Be 3.66 10.1± 1.3 (Korejwo et al. 2000)
12C + p → 9Be 3.66 6.7± 0.9 (Korejwo et al. 2000)
12C + p → 10Be 3.66 4.2± 0.6 (Korejwo et al. 2000)
Table 1
Cross sections for production of beryllium isotopes.
Figure 2. Mass histograms at the instrument for helium, lithium and beryllium for SMILI (Ahlen et al. 2000; Loomba 1998).
Figure 3. Track rms residual distributions for track fitting for SMILI (Ahlen et al. 2000).
9Be into the 10Be mass band due to tracking errors oc-
curred for no more than about 10% of the 9Be events.
Therefore, this mechanism could not have caused the
large number of 10Be events observed in SMILI, relative
to 9Be events.
By assigning mass to the nearest acceptable integer
mass curve in Figure 1, one finds 67 7Be, 28 9Be and
24 10Be events. Some of these were made in the ∼5
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g/cm2 of residual atmosphere. We make a rough esti-
mate of the atmospheric effects by using cross sections at
2.1 GeV/nucleon from Lindstrom et.al. (1975). We find
the numbers of mean path-lengths for producing beryl-
lium isotopes in the atmosphere by CNO cosmic rays
to be 0.00471, 0.00221, and 0.00107 for 7Be, 9Be and
10Be respectively. The corresponding numbers for pro-
duction in the ISM are 0.0590, 0.0304 and 0.0166. By
using the equation for total inelastic cross section from
Bradt & Peters (1948), we find the survival probabilities
for 7Be, 9Be and 10Be in the ISM to be 0.548, 0.485 and
0.458 respectively. The corresponding survival probabil-
ities in the atmosphere are 0.868, 0.855 and 0.850. As-
suming no significant loss of total numbers of CNO nuclei
through fragmentation, one can use these numbers to es-
timate the number of each beryllium isotope above the
atmosphere. The number of 7Be isotopes is 67/[0.868
+ (0.00471/0.059)(
√
0.868/0.548)] = 66.8. Similarly, the
numbers of 9Be and 10Be isotopes above the atmosphere
are 28.2 and 24.7 respectively. We see that the effects of
the atmosphere are very small. This is confirmed by the
more accurate calculations in Ahlen et al. (2000). We
should note that interactions in the instrument are not
of as great concern as in the atmosphere since most of
these can be identified by their changes in charge or di-
rections of motion.
The average energy in the ISM of the SMILI events is
2.0 GeV/nucleon and that of the ISOMAX events is 1.7
GeV/nucleon. Thus, including the effects of time dila-
tion, the 10Be half-life is about 3.9 Myr. In the absence
of decay, one would expect around 19 10Be events for ev-
ery 67 7Be events, which is consistent with the data. For
a mean cosmic ray transport time of 2 Myr, one would
expect 13.4 10Be events, which requires a three standard
deviation to get to the observed number of 24.7. Thus,
the high energy beryllium data imply that the mean con-
finement time for cosmic rays must be no more than 2
Myr, an order of magnitude smaller than the time deter-
mined by measurements at 100 MeV/nucleon.
3. ENERGY LOSS OF ELECTRONS AND POSITRONS
Electrons and positrons lose energy while mov-
ing through the ISM due to synchrotron radiation
from interaction with the Galactic magnetic field,
and due to inverse Compton scattering of cosmic mi-
crowave and starlight photons. If we ignore ioniza-
tion energy loss, the electron/positron energy loss can
be described by the equation (Cowsik & Burch 2010;
Cowsik, Burch & Madziwa-Nussinov 2014):
dE
dt
= −bE2 (2)
where E is the positron or electron energy and b =
1.60 × 10−3 Myr−1GeV−1. The initial energy E0 can
be expressed in terms of the energy E at time t:
E0 =
E
1− btE (3)
If the differential source spectrum is dN/dE0 = KE
−α
0 ,
the spectrum at time t is:
dN
dE
=
K
Eα
(1− btE)α−2 (4)
The flux is zero for E > (bt)−1. Secondary positrons
at the Earth have a continuous distribution of t rang-
ing from zero to millions of years, with a mean value of
about 1–2 Myr based on the SMILI beryllium measure-
ment. Electrons, which are dominated by a primary com-
ponent, will have a different time distribution since the
spatial distribution of primary electron sources (which
are probably supernovae remnants) is not continuous.
Since secondary positrons can be produced very shortly
before being detected, and the smallest electron arrival
time is determined by the distance to the nearest source,
it is likely that the secondary positron energy spectrum is
affected less severely than that of the primary electrons.
The shape of the secondary positron spectrum depends
on the details of production and propagation which we
will treat later for different models with the use of GAL-
PROP. For the present, we illustrate the effect on spec-
tral index by assuming a simple distribution of survival
times. Suppose 1/2 of the positrons arrive with t = 0
Myr, 1/4 arrive with t = 1 Myr, and 1/4 arrive with t
= 4.33 Myr. This would give a mean time of 1.33 Myr.
If we assume a source spectrum with a spectral index
of 2.6, the weighted sum of the three energy spectra for
the different survival times for 50–500 GeV shows the
spectral index increasing from approximately 2.6 to 2.8.
4. ANTIPROTON AND POSITRON SOURCE FUNCTIONS
Calculations of secondary antiprotons and positrons
at the Earth rely on measurements and calculations of
pp reaction data, and on the cosmic ray proton energy
spectrum in the ISM. This spectrum follows power laws
over many orders of magnitude of energy, with abrupt
shifts in spectral index αp at several energies. Fermi-LAT
(Ackermann et al. 2014a) used gamma ray emission from
the Earth’s limb to study the primary proton spectrum.
They found the proton spectral index αp = 2.81 ± 0.10
before a break at 276 GeV, and 2.60 ± 0.08 after the
break. These results were compared (Ackermann et al.
2014a) with direct measurements of protons from a va-
riety of experiments (ATIC, CREAM, BESS, PAMELA,
AMS-01) and found to be in fairly good agreement. The
spectral break has been confirmed recently by AMS-02
(Aguilar et al. 2015), which observes a shift of index from
2.83 at 100 GV to 2.72 at 1000 GV.
The source function q is defined to be the produc-
tion rate per time, per atom, per energy of the sec-
ondary particle. We show in Figure 4 the antiproton
and positron source functions. Each of these includes
the effects of proton and helium cosmic ray particles, and
hydrogen and helium atoms in the ISM. The antiproton
source function has been taken from Kappl & Winkler
(2014). The positron source function has been taken
from Protheroe (1982). We have chosen the Protheroe
source function due to its assumption of a proton spec-
tral index of 2.6, which is appropriate for the protons re-
sponsible for production of positrons with energy above
100 GeV. We have modified Protheroe’s result by using
an improved nuclear enhancement factor including the
effects of helium from Mori (2009).
We also show positron and antiproton data in Figure
4. Positron data are from PAMELA (Adriani et al. 2013)
and AMS-02 (Aguilar et al. 2014). The PAMELA data
are for a period of low solar activity, while the AMS-02
data are for a period of high solar activity. This accounts
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for the discrepancy at low energy, where flux is influenced
strongly by solar modulation. Antiproton data are from
PAMELA (Adriani et al. 2010) and AMS-02 (Kounine
2015).
Figure 4. Antiproton and positron source functions, and flux data
for cosmic ray antiprotons and positrons. The source functions
include the effects of proton and helium cosmic ray particles, and
hydrogen and helium atoms in the ISM. The antiproton source
function has been taken from Kappl & Winkler (2014), and the
positron source function has been taken from Protheroe (1982).
Both of these have been scaled for comparison to the observed
flux measurements. Positron data are from Adriani et al. (2013)
and Aguilar et al. (2014). Antiproton data are from Adriani et al.
(2010) and Kounine (2015) .
The mean proton grammage X can be estimated from
Figure 4 assuming the antiprotons are made by secondary
production. It is easily shown that X = 4πmF/q, where
F is the flux, q is the source function, and m is the mean
atomic mass, which is very nearly the same as the hydro-
gen mass. For antiproton energy from 1–10 GeV, X ≈
4 g cm−2 is nearly constant. This reduces to about 2
g cm−2 at 300 GeV. Note that proton parents of antipro-
tons have several times greater energy than the antipro-
tons due to the fact that initial kinetic energy is shared
among many secondary particles. Taking this into ac-
count, the range of proton grammage is roughly consis-
tent with that determined by the B/C ratio which varies
from about 10 g cm−2 at 1 GeV/nucleon to 2.5 g cm−2
at 300 GeV/nucleon.
It is important to note that the grammage inferred
from the positron data from 1–5 GeV is within 10%
of that determined by the antiproton data below 10–
20 GeV. Since synchrotron and inverse Compton energy
losses are not expected for such low energy positrons,
this shows that low energy positrons are due to sec-
ondary production. Furthermore, if one assumes no en-
ergy loss for positrons up to a few hundred GeV, the
positron data agree with the antiproton data that the
grammage is reduced by a factor of two as positron en-
ergy increases up to 40 GeV. Beyond 40 GeV there is a
break in the positron power law spectrum, which suggests
that grammage reduces more slowly with energy, if at all,
above that energy. Since a positron’s proton parent typ-
ically has an order of magnitude greater energy than the
positron, this shows that grammage becomes insensitive
to energy for protons above 1 TeV. Beyond the break at
40 GeV, the positron spectral index is larger than 2.6 by
about 0.2, suggesting the possibility of energy loss effects
of the same amount as estimated in the previous section.
To conclude this section, we summarize the essential
fundamental principles upon which our scenario is based:
• Cosmic ray confinement time is about 1–2Myr based
on beryllium isotope measurements with rigidity
from 5–8 GV. It is unlikely that the lifetime changes
much with increasing rigidity, since this would make
the observed anisotropy measurements incompati-
ble with simple calculations (Cowsik & Burch 2010;
Cowsik, Burch & Madziwa-Nussinov 2014).
• Confinement time is about 10 times longer for rigid-
ity of 1–2 GV. As discussed below, this dramatic
result cannot be understood from simple models in-
volving diffusion and re-acceleration, and therefore
is not easy to replicate with GALPROP. It is inter-
esting to note that the deviation of the antiproton
flux from the source function curve in Figure 4 sug-
gests the antiproton confinement time is reduced by
a factor of 10 as rigidity increases from 1–3 GV, and
remains constant above 3 GV. This effect is not re-
lated to grammage variation since such low energy
antiprotons are all probably made by protons with
energies slightly above the 6 GeV threshold energy.
• The rigidity dependent grammage distribution de-
termined by antiproton measurements is consis-
tent with that determined from B/C measurements,
showing that antiprotons are secondary particles.
• The break of the positron power law spectrum at 40
GeV suggests that the diffusion coefficient becomes
insensitive to rigidity above 1 TV. This could be
responsible for the break in the proton spectral index
above several hundred GV.
• The difference between the positron spectral index
from 40–500 GV and that of the proton spectrum
above 1 TV suggests that positron energy loss in-
creases the positron spectral index only slightly from
2.6 to 2.8.
5. GALPROP RESULTS
In this section we consider a GALPROP based
diffusion-reacceleration model that incorporates these
features and show that it agrees with proton, beryllium,
B/C, antiproton and positron data for rigidities above 3
GV. GALPROP, version 54.1.9841 used here, is a pro-
gram that numerically solves the transport equations for
cosmic rays that are produced in the Galaxy and then
propagate in the ISM. GALPROP makes use of detailed
astrophysics, nuclear physics, and particle physics mea-
surements and theory pertaining to such phenomena as
Galactic magnetic fields, gas composition and density of
the ISM, nuclear fragmentation cross sections, positron
1 Note that an updated version of GALPROP can be found at
http://sourceforge.net/projects/galprop incorporating many new
developments.
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and antiproton source functions, etc. It is very flexi-
ble, allowing for the specification of numerous parame-
ters such as source intensity and energy spectra for pri-
mary particles, the diffusion coefficient and its energy
dependence, Alfve´n velocity, Galactic wind velocity, etc.
It allows one to treat cosmic ray propagation as purely
diffusive, or with the combination of diffusion and re-
acceleration. We have considered many models within
the framework of GALPROP. The challenge is to find a
model that allows for a short cosmic ray confinement time
to be consistent with measurements of the 10Be/9Be ratio
at a few GeV/nucleon, a long confinement time required
for the 10Be/9Be ratio at a few hundred MeV/nucleon,
and the proper amount of grammage to be consistent
with measurements of the B/C ratio and antiproton flux
at all energies. If one can find such a model, and if that
Model predicts a secondary positron flux in agreement
with data, then one may conclude that observations do
not require additional sources of cosmic ray positrons.
We obtained promising results with regard to sec-
ondary positron production by incorporating Galactic
winds, but the results were inconsistent with the B/C
ratio at low and high energy. We therefore decided not
to pursue such models. Instead we have concentrated on
diffusive re-acceleration models, and present here results
of calculations of three such models, described below,
whose various parameters are summarized in Table 2,
with predictions plotted in Figure 5.
• Model A is very similar to the Model P of
Vladimirov et al. (2012), which is essentially a
“standard” type model that accounts well for most
measurements except for high energy beryllium iso-
topes and positrons. A broken power law as a func-
tion of cosmic ray rigidity is used to model diffusion,
which is R0.15 above 300 GV and R0.3 below, with a
diffusion coefficient fit to the proton data. The pro-
ton injection spectrum has a spectral index of 1.9
below 11 GV, and 2.5 above. A nuclear injection
offset parameter is included which shifts the spectral
index of heavier cosmic ray nuclei by 0.07. Diffusive
reacceleration is included with an Alfve´n speed of
32 km/s, fit to the measured B/C ratio. Finally, the
electron injection spectrum was fit to match data,
with two spectral breaks.
• Model B is based off of Model A, but uses a
much larger diffusion coefficient to reduce confine-
ment time. To properly account for the B/C ratio
and the observed antiproton flux, the gas density in
the ISM is scaled by a floating parameter. A fac-
tor of 30 is required to reproduce the data, which is
interpreted as a very rough estimate of the nested
leaky box model of Cowsik & Wilson (1973). Here,
secondary nuclei are initially produced and confined
to very dense regions around supernovae, after which
they experience energy independent diffusion in the
galaxy. Fitting the B/C ratio effectively turned
diffusive reacceleration off, and thereby raised the
diffusion power law to 0.52 below 500 GV and 0.2
above.
• Model C takes a different approach, exploring the
scenario where confinement time of positrons would
be significantly shorter than usually predicted. This
is done by turning off the dominant energy loss
mechanisms in the propagation of electrons and
positrons: inverse Compton scattering and syn-
chrotron radiation. This may seem counterintu-
itive, since this model would increase confinement
time, but it effectively simulates a situation where
most of the observed positrons are formed locally
and do not have enough time to radiate signifi-
cantly. To test the effect of the positron production
cross-section, the default formula was replaced with
the charged pion production cross section equations
given in Kamae et al. (2006). The differences be-
tween the two were found to be negligible in most
cases. Above around 500 GV, the proton data was
found to be best fit by energy independent diffusion.
Interestingly, the electron flux could be well fit to
data in the absence of radiative processes, with only
minor adjustments to the spectral indices.
The transport equation solved by GALPROP, from
(Strong et al. 2007), is given by,
∂ψ
∂t
= q +∇ · (Dxx∇ψ)
+
∂
∂p
(
p2Dpp
∂
∂p
(
1
p2
ψ
))
− ∂
∂p
(
∂p
∂t
ψ
)
− 1
τf
ψ − 1
τr
ψ (5)
where ψ = ψi(~x, p, t) is the density per unit of particle
momentum at a given point in space and time, for a
particle species i. The q = qi(~x, p) term is a function
of space and momentum describing the distribution of
sources that create particle i with momentum p. The
parameters τf and τr represent the timescale for nuclei
fragmentation and radioactive decay, respectively. The
transport equation is solved for all of the primary cosmic
rays, which are then used as the source functions for
secondaries. GALPROP is a numerical calculation of this
equation, so there is a lot of freedom over its parameters,
which can be specified as arbitrary functions of space
and momentum. Some of the parameters relevant to this
study are described below.
• Diffusion: The diffusion coefficient, Dxx is gener-
ally treated as a function of rigidity with the form,
Dxx ∝ βD0
(
ρ
ρ0
)δ
(6)
where ρ is rigidity, D0 is the diffusion coefficient at
some reference rigidity ρ0, and δ reflects the rigidity
dependence of diffusion. ρ0 is taken to be 400 MV
in all models considered. A break can be included
in Dxx where δ changes at some fixed ρ.
• Diffusive re-acceleration: Diffusive re-
acceleration is an effect that is believed to occur
in which cosmic rays undergo 2nd order Fermi
acceleration by scattering off inhomogeneities in
the galactic magnetic field. The coefficient Dpp in
the transport equation parameterizes this effect,
and is defined in terms of Dxx and the Alfve´n
velocity vA. The Alfve´n velocity represents the
speed of Alfve´n waves propagating through the
galactic magnetic field. This term has a very large
effect on secondary/primary ratios, especially at
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Description A B C
Nuclear injection index below break -1.9 -2.35 -2.2
Break in CR injection spectrum (GV) 11 - 11.5
Nuclear injection index above break -2.5 - -2.55
Injection offset for heavy (Z > 1) nuclei 0.07 0.07 0.07
Electron index below first break 1.6 1.6 1.6
First break for electrons (GV) 2.2 2.2 2.2
Electron injection index above first break 2.7 3.0 3.05
Second break for electrons (GV) 40 40 40
Electron injection index above second break 2.4 2.8 2.95
Alfve´n speed 32 0 21
Diffusion coefficient D in 1028 cm2 s−1 at 4 GV 5.75 75 5.2
Low energy value of δ(D ∝ Rδ) 0.3 0.52 0.28
Diffusion coefficient break (GV) 300 500 500
High energy value of δ(D ∝ Rδ) 0.15 0.2 0.0
Gas factor 1.0 30 1.0
Solar Modulation Potential (MV) 550 550 550
Synchrotron/Inverse Compton (positron) On On Off
Synchrotron/Inverse Compton (electron) On On Off
Table 2
Parameters for GALPROP models
low energies. Without diffusive re-acceleration an
ad-hoc break in the diffusion coefficient is needed
to explain the decrease of the B/C ratio at low
energies. However, diffusive re-acceleration models
are easily able to explain it by adjusting vA to
match the data.
• Nuclear injection: This is the spectrum with
which nuclei emerge from their source as a function
of rigidity, corresponding to the q term in the trans-
port equation. It has the exponential form ρ−α, and
can undergo a variable number of breaks at which
the spectral index α changes (keeping the spectrum
continuous). At high rigidities, & 100 GV, the ob-
served spectral index is approximately α− δ.
• Injection offset: As pointed out in
Vladimirov et al. (2012), the heavier nuclei ap-
pear to have a slightly harder spectrum than
protons. This is included in all of the models by
adding an injection offset parameter that is added
to the injection index of all nuclei with Z > 2. The
value that was found to work best was 0.07.
• Electron injection: Electron injection is treated
very similarly to nuclear injection by GALPROP.
However, many more spectral breaks are required
to match the data (usually 2 or 3). Since electrons
are overwhelmingly from primary production, the
electron injection parameters are completely disjoint
from everything else. As Model C shows, the elec-
tron spectrum can be made to fit data in virtually
any scenario.
• Gas Factor: This is a parameter added to GAL-
PROP that simply scales all of the gas distributions
in the galaxy by a fixed number. One purpose of
this is to approximate a situation in which we are
either in a very dense region now, or have been re-
cently. Another is to approximate the nested leaky
box model where most secondary production occurs
in the very dense regions of SNRs.
• Radiation: Electrons and positrons, because they
are so light, have more significant radiative losses
than nuclei. At low energies, Coulomb scattering
in the ISM and Bremsstrahlung are the dominant
radiative losses. Above about 10 GeV, synchrotron
and inverse Compton scattering become dominant.
One way to examine a situation where high energy
positrons are secondary particles with a lifetime of a
few Myrs is to simply “turn off” these two sources of
energy loss. Although this has no effect on the nuclei
spectra, the predicted positron spectrum should be
consistent with short lived secondaries.
• Pion cross section: An alternative formula was
considered for the charged pion production cross sec-
tion, as calculated in Kamae et al. (2006). Since
most secondary positrons originate from pion de-
cays, this could have a significant effect on the
positron spectrum. In general, it was found to be
a better fit to data, but not by any drastic amount.
• Solar Modulation: Although not strictly a
parameter of GALPROP, this is passed to the
“plot galprop” Python script packaged with GAL-
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PROP to add solar modulation effects to the pre-
dicted spectra. For cosmic rays below 10 GeV, this
can have a huge impact on the observed spectrum.
Because we are mainly interested in higher energies,
this was not a large concern. A modulation poten-
tial of 550 MV was used for all of the calculations,
so this should be kept in mind when comparing to
different experiments below 10 GeV.
6. DISCUSSION
Table 3 summarizes the differences between the various
models. Model A works well except for high energy beryl-
lium and positrons, due to the fact that the confinement
time is too large so that 10Be decays, and the positrons
lose energy by synchrotron radiation and inverse Comp-
ton scattering. Model C is artificially induced to have
short confinement time for positrons by turning off en-
ergy loss effects for electrons and positrons. The elec-
trons can be made to agree with the data by adjusting
injection parameters. The electron spectral indices above
40 GV for the four models range from 2.4–2.95. These are
consistent with the spectral index range of electrons at
supernova remnants based on synchrotron observations
(Yamazaki et al. 2014). There are many uncertainties as-
sociated with the production and propagation of cosmic
ray electrons. For example, Werner et al. (2015) have
considered the effects of including spiral arm source con-
tributions for electrons, and have found the spectrum at
Earth is very sensitive to the spiral arm fraction. They
find that the the electron spectrum observed at Earth
is strongly dependent on the location of Earth relative
to any non-axisymetric distribution of sources. Indeed,
a 10% spiral arm contribution results in a reduction of
28% in high energy electrons compared to a model with
an axisymmetric source distribution. They conclude that
direct measurements of electron spectra do little to define
the primary electron injection spectrum.
The positron spectrum fits remarkably well for Model
C with the data. But the 10Be/9Be ratio does not fit at
high energy. Model B fits high energy data reasonably
well since propagation parameters were adjusted to make
confinement time short for beryllium and positrons. But
low energy B/C and 10Be/9Be do not agree with data.
Since we have been unable to find GALPROP parame-
ters which fit all data, it seems to be the case that GAL-
PROP lacks the ability to model all appropriate phys-
ical mechanisms that are crucial for the understanding
of cosmic ray secondary production and propagation, or
that some measurement/measurements is/are incorrect.
Werner et al. (2015) have noted that two-dimensional az-
imuthally symmetric modeling of cosmic ray propagation
is now giving way to more realistic full three-dimensional
modeling as new experimental constraints on the input
parameters (matter distributions, magnetic field distri-
butions, cosmic ray source distributions and radiation
fields) have become available and computational capa-
bility has improved.
One such new computational procedure that investi-
gates the role of spiral arms in cosmic ray production
and propagation is described in Benyamin et al. (2014).
They have developed a full three-dimensional simulation
that describes cosmic ray diffusion in the Milky Way
where significant cosmic ray acceleration originates near
dynamic spiral arms. They note that at low energies the
cosmic ray age is dominated by the time since our last
passage through the spiral arms and not by diffusion.
They are able to reproduce the observed spectral depen-
dence of secondary to primary ratios without resorting to
additional assumptions (galactic winds, re-acceleration
or constraints on diffusivity). At low energies, < 1 GeV,
this results in an increasing secondary to primary ratio
as observed.
The results from Benyamin et al. (2014) for B/C and
10Be/9Be are shown in Fig. 5 where they are labeled
as Spiral Arm. It is interesting to see that they are in
reasonable agreement with the large energy independent
confinement time at low energy, and short confinement
time at high energy, consistent with CRIS, ISOMAX and
SMILI-2. Their results for B/C also agree well with
the data. This is due to the fact that energy indepen-
dent confinement time implies increased grammage for
higher velocity particles. The mechanism they propose
is a diffusion model augmented by a dynamical cosmic
ray source caused by the passage of the solar system
through a spiral arm over-density region which lasted
until about 20 million years ago. Due to the formation
of large numbers of short lived hot stars and their subse-
quent supernovae, this resulted in the injection of cosmic
rays into the local ISM. High energy particles are not
significantly affected due to their large diffusion coeffi-
cient, but low energy particles are effectively trapped,
with a relevant time scale of 10–20 million years, con-
sistent with the CRIS lifetime measurement. Modeling
of high energy cosmic rays using GALPROP should be
accurate, and one can be confident of the results from
Model C above several GV.
7. CONCLUSIONS
We have shown that the observed rise in the cosmic
ray positron fraction can be explained by secondary pro-
duction without recourse to exotic models involving dark
matter annihilation or even sources such as pulsars. At
high energies, positrons, like antiprotons have a spectral
index comparable to that of the primary protons at the
energies at which they are produced. This is a natural
consequence of secondary production and suggests that
antiprotons and positrons are predominantly secondary
in origin. Cosmic ray electrons are predominantly pri-
mary in origin and their softer spectrum can be readily
understood by a combination of their (unknown) source
injection spectrum and energy loss incurred during galac-
tic transport from their sources. The relatively smaller
amount of energy loss for positrons can be understood
by the more uniform distribution of their production vol-
ume compared to electrons which have a minimum path-
length equal to the distance to the closest source. A
decrease of cosmic ray confinement time from 10–15 Myr
at 1–2 GeV to 1–2 Myr at 5–6 GeV is required to ex-
plain existing measurements of the 10Be/9Be ratio while
accounting for the reduction of path length with energy
implied by the observed flux of antiprotons. This feature
is not reproduced by simple two-dimensional models of
diffusion and re-acceleration such as GALPROP and re-
quires more sophisticated models that incorporate both
diffusion and time-dependence in a full three-dimensional
framework.
As cosmic ray and other astrophysical measurements
become more precise and are extended to higher en-
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Figure 5. Comparisons between observed data and the four models considered. Cosmic ray data were obtained from the public database
Maurin et al. (2014). Note that SMILI provides only a lower limit on 10Be/9Be due to the small number of 9Be and 10Be events observed
(4 and 9 respectively). The limit shown, which is at the 99% confidence level, is consistent with the results obtained by ISOMAX.
ergy, it will become possible to create more sophisticated
galactic propagation models that incorporate all these
features in a truly three-dimensional time-dependent
framework. In particular, accurate Be isotope measure-
ments that extend up to Lorentz factors of 10 will allow
the breaking of degeneracy between path-length and con-
finement time. More accurate spectral measurements of
antiprotons and their proton progenitors will better de-
fine breaks in the primary proton spectrum and allow
more accurate calculations of the expected positron sec-
ondary spectrum. Once this secondary background of
positrons is fully understood, more accurate measure-
ments of the positron spectrum at higher energies may
be able to reveal small unexpected and interesting pri-
mary components that cannot be resolved by existing
measurements.
We acknowledge many useful discussions with Joel
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Model p+ p− e− e+ Low E B/C High E B/C Low E 10Be/9Be High E 10Be/9Be
A OK OK OK NO OK OK OK NO
B OK OK OK OK NO OK NO OK
C OK OK OK OK OK OK OK NO
Arm - - - - OK OK OK OK
Table 3
Comparison of Model Predictions
Bregman and Dietrich Mu¨ller and extensive comments
by a thorough yet anonymous referee that led to signifi-
cant improvements in this paper.
REFERENCES
Accardo, L. et al. (AMS Collaboration) 2014, Physical Review
Letters, 113, 121101
Ackermann, M. et al. (Fermi-LAT Collaboration) 2014b, Physical
Review D, 89, 042001
Ackermann, M. et al. 2014a Physical Review Letters, 112, 151103
Adriani, O. et al. (PAMELA Collaboration) 2009, Nature, 458,
607
Adriani, O. et al. (PAMELA Collaboration) 2010, Physical
Review Letters 105, 121101
Adriani, O. et al. (PAMELA Collaboration) 2013, Physical
Review Letters 111, 081102
Aguilar, M. et al. (AMS Collaboration) 2014, Physical Review
Letters, 113, 121102
Aguilar, M. et al. (AMS Collaboration) 2015, Physical Review
Letters 114, 171103
Ahlen, S.P. et al. 2000, ApJ, 534, 757
Barwick, S.W. et al. (HEAT-e± Collaboration) 1995, Physical
Review Letters, 75, 390
Beatty, J.J. et al. (HEAT-e±/HEAT-pbar Collaboration) 2004,
Physical Review Letters, 93, 241102
Benyamin, D., Nakar, E., Piran, T., and Shaviv, N.J. 2014, ApJ,
782:34
Blum, K., Katz, B. & Waxman, E. 2013 Physical Review Letters,
111, 211101
Bradt, H.L., and Peters, B. 1948 Phys. Rev. 74, 1828
Buffington, A., Schindler, S. M. & Pennypacker, C.R. 1981, ApJ,
248,1179
Cao, Q., Chen, C. & Gong, T. 2014 arXiv:1409.7317v1 [hep-ph]
25 Sept
Cirelli, M., Kadastik, M., Raidal, M. & Strumia, A. 2009, Nuclear
Physics B, 813, 1
Cowsik, R. & Burch, B. 2010 Physical Review D, 82, 023009
Cowsik, R., Burch, B. & Madziwa-Nussinov, T. 2014 ApJ, 786,
124
Cowsik, R. & Wilson, L. W. 1973 International Cosmic Ray
Conference, 1, 500
de Nolfo, G.A. et al. 2001, Proceedings of the 27th International
Cosmic Ray Conference, Hamburg, 1659
Di Mauro, M., Donato, F., Fornengo, N., Lineros, R. & Vittino,
A. 2014 Journal of Cosmology and Astroparticle Physics, 4, 006
Hams, T. et al. 2004 ApJ, 611, 892
Kamae, T., Karlsson, N., Mizuno, T., Abe, T. & Koi,T. 2006
ApJ, 647, 692
Kappl, R. and Winkler, M.W. 2014, Journal of Cosmology and
Astroparticle Physics, 9, 51
Korejwo, A. et al. 2000, Journal of Physics G: Nuclear and
Particle Physics 26, 1171
Kounine A. (for the AMS Collaboration), presentation at AMS
Days Conference, CERN, April 15, 2015.
Lindstrom, P. J. et al. 1975, LBL 3650
Loomba D., Magnetic Spectroscopy Measurements of the Isotopic
Composition of Elements in the Cosmic Rays, PhD Thesis,
Boston University (1998)
Maurin D., Melot F., Taillet R., Astronomy and Astrophysics
569, A32 (2014)
Mori, M. 2009 Astroparticle Physics, 31, 341
Olive, K.A. et al. (Particle Data Group) 2014, Chinese Physics C,
38, 090001
Protheroe, R.J. 1982 ApJ, 254, 391
Silk, J. & Srednicki, M. 1984, Physical Review Letters, 53, 624
Slatyer, T.R., Padmanabhan N., & Finkbeiner, D.P. 2009,
Physical Review D, 80, 043526
Strong, A.W. et al. 2007, Ann. Rev. Nucl. Part. Sci. 57, 285
Tomassetti, N. 2015, arXiv: 1509.05776v [astro-ph.HE] 18 Sep
2015
Usoskin, I.G., Bazilevskaya, G.A., and Kovaltsov, G.A. 2011,
Journal of Geophysical Research 116, A02104
Vladimirov, A.E., Johannesson, G., Moskalenko, I.V., and Porter,
T.A. 2012, ApJ, 752, 68
Werner, M., Kissmann, R., Strong, A.W., and Reimer, O. 2015,
Astroparticle Physics 64, 18
Yamazaki, R., Ohira, Y., Sawada, M., and Bamba, A. 2014,
Research in Astronomy and Astrophysics 14, 165
Yanasak, N.E. et al. 2001, ApJ, 563, 768
